Trends in the airborne nano-TiO2 concentrations for ES1-ES6 corresponding with rows a-e and during work cycles (i) and non work cycles (ii). An inhalation rate of 34 L/min was assumed during the work-related activity, while it decreased to 14 L/min during non-work activities. 3 Blood flow was modeled considering heavy exercise during the 8-hour workday, for 5 workdays per week, while non-working hours and non-workdays reflected blood flow values for people at rest.
Parameters and their values used to run the MPPD deposition model.
The parameters used in the PBPK model are displayed in Table S2 . fraction of cardiac output to kidneys, literature -unitless fQrest = 1-fQs-fQgi-fQl-fQbr-fQh-fQk fraction of cardiac output to rest of the body, literature -unitless Qs = fQs*Qtot blood flow to spleen -mL/min Qgi = fQgi*Qtot blood flow to GI tract -mL/min Ql = fQl*Qtot blood flow to liver -mL/min Qbr = fQbr*Qtot blood flow to brain -mL/min Qh = fQh*Qtot blood flow to heart -mL/min Qk = fQk*Qtot blood flow to kidneys -mL/min Qrest = fQrest*Qtot blood flow to rest of the body -mL/min
Defining the Effect Factor (EF) and Does-response Modeling
The dose response data used to estimate the ED50 carcinogenic and non-carcinogenic data are displayed in Table S3 and Table S4 . Estimations of particle deposition in the lung as estimated by the MPPD model are displayed in Figure S2 .
Figure S2
Deposition of the 21 nm nano-TiO2 in the human lung as calculated using the MPPD model
Exposure Results ES1 e-high, f-short
The retention in the trachea-bronchial region was similar to the retention pattern in the wet lung, whereby accumulation quickly increased and then leveled off by the 5 th work-week. Its maximum retention was only 12% lower than the wet lung's value and thus represents an important consideration in the overall exposure since ENM in this region can be transferred to other organ systems such as the gut. Comparatively, accumulation in the upper airway (i.e. head, nasal regions) was less significant. The upper airway cleared all nano-TiO2 by each subsequent workday. The maximum retention in this region by the end of the first work-year was 9.80E+03 μg, over 1-order of magnitude smaller than the retention of the wet lung.
ES2 e-high, f-long
Over the course of 1-work day the wet lung burden increased 6 different times, corresponding with each of the 6 work-cycles and emission events. Between work cycles, exposures increased very slightly. At the end of the first workday, there was a maximum wet lung burden of 223 μg/g-wet lung. The lung burden did not decrease sufficiently between workdays or workweeks to clear the lung of its total nano-TiO2 load. For example, the maximum exposure by the end of the first work-week was 656 μg/g-wet lung, while at the start of the second work-week it was 475 μg/g-wet lung. This trend continued until the 6 th work-week, after which maximum weekly accumulations slowed considerably, having already reached 917 μg/g-wet lung which is 94% of the maximum lung burden of 980 μg/g-wet lung at the end of the year (Figure S3 ).
Figure S3
Retention of nano-TiO2 in the lung estimated over 1 full work year for ES2. The x-axis represents time in minutes over 1-year and the y-axis represents the mass (μg) of nano-TiO2 in the wet lung. The green trend line represents the change in mass in the air-exchange (pulmonary) regions of the lung, the blue trend line represents the change in mass in the interstitial regions of the lung, the pink trend line represents the change in mass in the tracheabronchial regions of the lung, the red trend line represents the total retention in the wet lung including the airexchange (pulmonary) regions, interstitial regions, trachea-bronchial regions and their macrophages.
The 1-year time-weighted lung burden over a lifetime was 11.6 μg/g-wet lung, and the lifetime lungburden was 553 μg/g-wet lung. The corresponding 1-year and lifetime RiF values were 3.55E-11 and 1.69E-09, respectively.
Lung burden was mainly influenced by the retention of nano-TiO2 in the interstitial region, where it represented up to 81% of the retained wet lung mass by the end of the first work-year. In contrast, the pulmonary region cleared itself of all deposited nano-TiO2 by the beginning of each subsequent workweek. Even so, the pulmonary region contributed up to 17% of the total maximum retention observed each day by the end of the first work-year. The PC located in the interstitial and pulmonary regions reached maximum retentions of 3202 μg and 4644 μg, respectively, very quickly within the first workday. This represented roughly 0.3% and 0.5% of the total lung burden by the end of the first work-year.
Retention in the trachea-bronchial region was similar to the retention pattern in the wet lung, whereby accumulation quickly increased and then leveled off by the 6 th work-week. Its maximum retention was 10% lower than the wet lung's maximum retention value and thus represents an important consideration in the overall exposure as explained previously for ES1. Comparatively, accumulation in the upper airway was less significant. The upper airway cleared all nano-TiO2 after each subsequent workday. The maximum retention in this region by the end of the first work-year was 2.2E+04 μg, over 1-order of magnitude smaller than retention in the wet lung.
ES3 e-high, f-daily
Over the course of 1-work day the wet lung burden increased steadily without pause and correlated with the all-day, constant exposure emissions of this model. At the end of the first workday, the maximum lung burden was 486 μg/g-wet lung. The lung burden did not decrease sufficiently between workdays or workweeks (i.e. over the weekends) to clear the lung of its total nano-TiO2 load. For example, the maximum exposure by the end of the first work-week was 1.45E+03 μg/g-wet lung, while at the beginning of the second work-week it was 1.02E+03 μg/g-wet lung. This trend continued until the 6 th work-week, after which maximum weekly accumulations slowed considerably, having already reached 1.99E+03 μg/gwet lung which is 96% of the maximum lung burden of 2.08E+03 μg/g-wet lung at the end of the year ( Figure S4 ).
Figure S4
Retention of nano-TiO2 in the lung estimated over 1 full work year for ES3. The x-axis represents time in minutes over 1-year and the y-axis represents the mass (μg) of nano-TiO2 in the wet lung. The green trend line represents the change in mass in the air-exchange (pulmonary) regions of the lung, the blue trend line represents the change in mass in the interstitial regions of the lung, the pink trend line represents the change in mass in the trachea-bronchial regions of the lung, the red trend line represents the total retention in the wet lung including the air-exchange (pulmonary) regions, interstitial regions, trachea-bronchial regions and their macrophages.
A two-week period of non-work activity (i.e. assumed standard holiday) between work years was assumed. The 1-year time-weighted lung burden over a lifetime was 25 μg/g-wet lung, and the lifetime lung-burden was 1.19E+03 μg/g-wet lung. The corresponding 1-year and lifetime RiF values were 3.82E-11 and 1.82E-09, respectively.
Lung burden was mainly influenced by the retention of nano-TiO2 in the interstitial region, where it represented up to 90% of the retained wet lung mass by the end of the first work-year. In contrast, the pulmonary region cleared itself of all deposited nano-TiO2 by the beginning of each subsequent workweek. Even so, the pulmonary region contributed up to 16% of the total maximum retention observed each day by the end of the first work-year. The PC located in the interstitial and pulmonary regions reached maximum retentions of 3202 μg and 4644 μg, respectively, very quickly within the first workday. This represented roughly 0.20% and 0.23% of the total lung burden by the end of the work-year.
Retention in the trachea-bronchial region was similar to the retention pattern in the wet lung, whereby accumulation quickly increased and then leveled off by the 6 th work-week. Its maximum retention was only 8% lower than the wet lung's maximum retention value and thus represents an important consideration in the overall exposure as explained previously for ES1. Comparatively, accumulation in the upper airway was less significant. The upper airway cleared all nano-TiO2 by each subsequent workday. The maximum retention in this region by the end of the first work-year was 4.1E+04 μg, over 1-order of magnitude smaller than retention in the wet lung.
ES4 e-high, f-single pulse
Over the course of 1-work day there was an initial maximum daily lung burden seen within the first hour of exposure, which then slightly decreased by the end of the workday to 0.72 μg/g-wet lung. There were no decreases between workdays nor was there significant decreases between workweeks. This trend continued until the 18 th work-week when there was a sudden spike in total wet lung retention. The peak of this increase occurred at week 21, reaching 12.4 μg-wet lung, but then receded to approximately 11.1 μg/g-wet lung by week 25. Thereon, the maximum wet lung retention stayed consistent around 11.1 μg/gwet lung until the end of the year ().
Figure S5
Retention of nano-TiO2 in the lung estimated over 1 full work year for ES4. The x-axis represents time in minutes over 1-year and the y-axis represents the mass (μg) of nano-TiO2 in the wet lung. The green trend line represents the change in mass in the air-exchange (pulmonary) regions of the lung, the blue trend line represents the change in mass in the interstitial regions of the lung, the pink trend line represents the change in mass in the trachea-bronchial regions of the lung, the grey trend line represents the change in mass in the lung macrophages, the dark-blue line represents the change in mass in the pulmonary macrophages, the red trend line represents the total retention in the wet lung including the air-exchange (pulmonary) regions, interstitial regions, trachea-bronchial regions and their macrophages.
The 1-year time-weighted lung burden over a lifetime was 0.14 μg/g-wet lung, and the lifetime lungburden was 7.04 μg/g-wet lung. The corresponding 1-year and lifetime RiF values were 1.05E-10 and 5.16E-09, respectively.
Lung burden was mainly influenced by the retention of nano-TiO2 in the interstitial and pulmonary PC, where they represented 29% and 42%, respectively, of the maximum retained dose seen at the end of the year ( Figure S5) . The interstitium had a maximum retention of 3.20E+03 μg by the end of the work year. This was 22% of the total wet lung retention and contrasts with ES1-ES3 where the interstitium was the most significant contributor to the total wet lung burden. The pulmonary region cleared itself of all deposited nano-TiO2 by the beginning of each subsequent work-week. This region only contributed up to 6% of the maximum wet lung retention observed at the end of the first work-year.
Retention in the trachea-bronchial region was similar to the retention pattern in the wet lung, however there was no secondary spike in this region's retention, which had leveled off by the 5 th work-week. Its maximum retention was 74% lower than the wet lung's maximum retention value. Comparatively, accumulation in the upper airway was negligible and only represented 1% of the total wet lung retention by the end of the work-year.
ES5 e-medium, f-short
Over the course of 1-work day there were 16 distinct increases in wet lung retention that corresponded with the 16 emission events throughout the day. By the end of the first workday the maximum wet lung retention was 1.15 μg/g-wet lung. There was little decrease between workdays and between work-days. This trend continued until the 11 th work-week when there was a sudden spike in total wet lung retention. The peak of this increase occurred at week 14, reaching 14 μg-wet lung, but then receding to approximately 12.6 μg/g-wet lung by week 17. Thereon, the maximum wet lung retention stayed consistent around 12.6 μg/g-wet lung until the end of the work-year ( Figure S6 ).
Figure S6
Retention of nano-TiO2 in the lung estimated over 1 full work year for ES5. The x-axis represents time in minutes over 1-year and the y-axis represents the mass (μg) of nano-TiO2 in the wet lung. The green trend line represents the change in mass in the air-exchange (pulmonary) regions of the lung, the blue trend line represents the change in mass in the interstitial regions of the lung, the pink trend line represents the change in mass in the trachea-bronchial regions of the lung, the grey trend line represents the change in mass in the lung macrophages, the dark-blue line represents the change in mass in the pulmonary macrophages, the red trend line represents the total retention in the wet lung including the air-exchange (pulmonary) regions, interstitial regions, tracheabronchial regions and their macrophages.
The 1-year time-weighted lung burden over a lifetime was 0.17 μg/g-wet lung, and the lifetime lungburden was 8.10 μg/g-wet lung. The corresponding 1-year and lifetime RiF values were 7.64E-11 and 3.17E-09, respectively.
Lung burden was mainly influenced by the retention of nano-TiO2 in the pulmonary PC, where they accounted for 38% of the maximum total retention by the end of the work-year. The interstitium accounted for 32% of the maximum total wet lung retention and was also correlated with the rapid and steep spike in retention seen between weeks 11-17 similar to ES4. The interstitial PC contained 26% of the maximum total wet lung retention. The pulmonary and interstitial PC reached their maximum total retention by the end of the first work-week. The pulmonary region cleared itself of all deposited nanoTiO2 by the beginning of each subsequent week. This region only contributed up to 4% of the maximum wet lung retention observed at the end of the first year.
Retention in the trachea-bronchial region was similar to the retention pattern in the wet lung, however there was no secondary spike in this region's retention, which had leveled off by the 5 th work-week. Its maximum retention was 65% lower than the wet lung's maximum retention value. Comparatively, accumulation in the upper airway was negligible and only represented < 1% of the total wet lung retention by the end of the work-year.
ES6 e-low, f-short
Over the course of 1-work day there were 16 distinct increases in wet lung retention that corresponded with the 16 emission events. By the end of the first workday the maximum wet lung retention was 1.15E-02 μg/g-wet lung. There was little decrease between workdays and between work-days. Total retention continued largely unabated, reaching a maximum total wet lung retention of 2030 μg/g-wet lung by the end of the first work-year ( Figure S7 ).
Figure S7
Retention of nano-TiO2 in the lung estimated over 1 full work year for ES6. The x-axis represents time in minutes over 1-year and the y-axis represents the mass (μg) of nano-TiO2 in the wet lung. The pink trend line represents the change in mass in the trachea-bronchial regions of the lung, the yellow trend line represents the change in mass in the upper airway, the dark-blue line represents the change in mass in the pulmonary macrophages, the red trend line represents the total retention in the wet lung including the air-exchange (pulmonary) regions, interstitial regions, trachea-bronchial regions and their macrophages.
The 1-year time-weighted lung burden over a lifetime was 1.70E-02 μg/g-wet lung, and the lifetime lungburden was 3.99 μg/g-wet lung. The corresponding 1-year and lifetime RiF values were 7.81E-10 and 1.83E-07, respectively.
Lung burden was mainly influenced by the retention of nano-TiO2 in the pulmonary PC, where they accounted for 99.9% of the maximum total retention by the end of the work-year. Retention in the trachea-bronchial region was similar to the retention pattern in the wet lung, which increased largely unabated throughout the work-year. Its maximum retention was 97% lower than the wet lung's maximum retention value. Comparatively, accumulation in the upper airway was negligible and only represented < 0.01% of the total wet lung retention by the end of the work-year.
Worker Population
The average worker population was estimated from survey-data reported by Walser et al. 17 for industries associated with ENM manufacturing and handling. Thus, this dataset broadly captured the average number of workers involved with industries directly producing the ENM but also the downstream industries that integrate them into products. The number of workers in the ENM manufacturing sector was log-normally distributed with a geometric mean of 8.7 and geometric standard deviation of 2.8 ( Figure   S8 
